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Abstract

The “}:aStCI,  lktler, (lwapr”  thrust at
NASA /JI’1, has pushed new tc~chnolo~im
into spacecraft designed  for interplanetary
missions. This is especially tmc  for
“1 )iscovcry” class missions such as Mars
l’atllfincter. Pathfinder is set to land a
spacecraft and microrover on the surface of
Mars for a “low cost” (relative to VikinS
costs of 3.2 billion in I:Y92 dollars).
l’athfinder  spacecraft must be for $150M
(};Y92 dollars). Mars l’athfinctcr is
ctesignd  to meet this budget and prove out
tcehnologics  for long-term investigation of
Mars and fLltLII’(’ low cost landings and
missions cm Mars.

‘1’he Attitude and ]nformaticm Managmnmi
(AIM) sL]bsystem design takes advantage of
new park,  components, commercial
cquipmcmt and sof[ware,  and commercial
and military standards to achieve a
“l; aster, IMtcr,  C%capcr” mission. Some c~f
the new interplanetary spacef]ighi
technologies that AIM will fly are:

1. commercial 1 K-IX converters,
2. a hard VM lkLIs backplane,
3. l~ielcl l’mgrammable  C;ate Arrays

(1’1’C;AS),
4. lilcctricall  y l}rasablc l’R0h4s

(ltIH’ROMs),
.5. the VxWorks operating system,
6. l~ynamic RAMs in 1 lcrn~dically-

scalecl Memory Cards,
7. and a rad-harclenecl, 22MI 1’S, RISC

C1’11.

The insertion of these trchno]ogics  has
enabld the AIM subsystcm to be chcap]y
built to support landing of ]’athfinclcr on
Mars.

Mars l’alhfinclcr Mission overview

A sil]g](, Mars l’athfinder  flight systcm
will be sent to Mars bctwecm I)ccemtwr  4,
1996 and January 3, 1997. Sce figure one, The
flight system will be launched on a 1 )elta 11
rocket and ]ancf cm JLI]y ~, ]9%’. The flight
system is spin-stabilized throughout cruise,
spinnillfi  at 2 rpm. ‘1 ‘he medium-gain
antenna (MC; A) is ali~ncd with the spin
axis which is pointed at }{arth for
cc)llllll~lllicati(~lls.

‘] ’he flight system remains pointed at }larlh
during crLlisc except for maneuvers.
Maneuvers can be performed axially, i.e.,
along the spin axis, or laterally, i.e.,
orthogona]  to the spin axis. 1 ~uring an axial
maneuver, the flight system is turned to a
burn attitucfc within 3 60 degrees of the sLln-
spacccraft  line. ‘1’he flight system remains
earlh pointed during lateral maneuvers and
pulses the thrusters when they rotate into
alifinmcmt with the maneuver direction.

‘1’Iw fli@t system reaches Mars after 7
months in cruise. ‘1’he brief scqucmcc of
cvmts  between cruise and surface
operations is called Iintry, ll?scent, and
1,anding,  or Itl }1,. Approximately 30 minutes
before atmospheric entry the flight system
jc’[tisons thr cruise stage, see figure me; the
cruise sta~c carries the propLllsiml  system,
attitude smmrs, cruise stage electronics,
and cruise solar array.



lintry is at 7.6 km/s (37,100 mph) and [1)(’
attnosphcric  entry anp,le  is -14.8 dc~rms. (-
go ~ccrccs  w[)~l]~ lW slraight towards lllC
ccmi(~r of Mars.) Atmm])heric drag
clccelcratcs  the spaccmaf[ to a peak of 25
p,’s. l’cak decclcraiion  is rcacllcd at
apl>roximatc,ly  32 km altitucic. ‘1’hc
spacecraft continues to slow until
a]>]>j’oxil)~atc’1~~ 1 (1 km altit Llctc whcm a
parachute is ctcployd (at MaclI 1.8, or WI
mph). 1 )ecclcration  from the entry velocity
to Mach 1.8 takes 100 seconds.

“1’hc spacecraft jetlisons  an ablative
11(’atsllielct uscct for entry in preparation for
landing. At 1500 mdcrs altituctr, a radar
a]tilnetcr begins measuring altit Lldc. At 50
IncI[crs, rctm-rockets  are fired to slow the
lander to <20 m/s ad airbags (as in a car)
arc in flatccl, fully surrounding the lanctcr.
The parachute and rockets arc released and
thr lander frmfalls  to the surface at 2(I
lnctcrs  altitude.

After the ]ander touches down, lhc airbags
slowly dcfIatc,  and AIM deploys the
lanctcr petals; sec fi~urc 2, The landing will
occLIr a[ approximately 4 am Mars local
tiinc with the sun and earlh bc]ow the
hori~on.

When the SLln rises the landcv will scan the
horimn  with its camera (a stcrcmcopic
imascr)  searching for the sun. ‘1’iw direction
to the sun and the direction of the local
p,ravity vector in the Iandcr coordinate
frame proviclm all of the information
neeclcd to locate the direction to the l(ar[h
in the lander coordinate frame. Once liar[h
is located, the lander can turn a hifjl-gain
antenna to liarth and begin transmi[[ing the
13 )1, data and begin prcparins for sllrface
(qwrations. Opcraticms scenarios include
takin~ panoralnic  images of the landing
site,, deploying the microrovcr, collecting
science and cmginecring data frmll the rover,
collecting tem]wratLlre  and prcssLlrc
mcasurcmcwts of the atnmspherc, ad
collecting data cm the magmtic  propmlics
of tlw windblown Martian soil.

cl’hc nmninal  mission is slatcct to last 30
Martian clays,

AIM Overview

‘1’hc AIM subsys[cln is required to p(,rforln
[he following tasks:

● Acqllirc the SLIn fo]]owing sc’paratim
from tllc ]aLlllCh vchiclc

● Acq Llirc stars for cc]estia] atlit Lldc’
rcfcrcnce

● l’[~int the spacecraft spin axis for
col]ll~lLltlicatio]ls  over a fixed medium
gain antenna

● C“ontro] tile spacecraft attitude and spin
rate Ciurins cruise

● Receive, process, ad manage command
and data streams, including the
cxecL!tion of storcci nominal and
con[ill~mcy command seqLwnCcs and
recording critical telemetry

● 1 ‘crform t rajcclory correct ion malwuvcrs
using reaction control tllrLwtms

● ]; XC’CLltC a]l C’VCllt S fOr thC }[lltly, ] )CSCC’llt
and 1 ,anctins (lit J],) phase including
processing accelerometer data to
idmtify  time of parachute deploy,
radar altimeter data to identify time
of impact, and to fire all 11111,
pyrotechnic devices. AIM also COIICC(S
and stores all science data COIICCICCI
during }11 )1,.

● l’rovide sufficient cnginccring  data in
the tclcvnctry stream tc) suppor[ gmLlnct
operations and interpretation of science
and Rover data

● ]’rovicte fault protection for spacecraft
and AIM functions

● (’ontro] and collect data from the
lma~ing and Atmospheric Science
]lMtl’UllK’lltS SLlbS@’IllS

● l’crfcwm I lGA earth acquisition
following landing using imaging data to
locate the SL1lI

● l’rovidr  } li#~ (;ain  Antenna tracking of
tl~c earth

● Manage the 1,ancier to Rover
coll~~l~tll~icatic))~s  link and COIICCI and
store up]ink and clownlink data

● 1 ‘erform image data compression

“1 ‘he AI M subsystcm is composed oft wo
mcdules--thc 1 fancier  MCKtLIIC  and the
cruise Stage MOdLIIC, see figLlrc thrm. ‘J’he



The AIM computer is an lIIM RA1 MOO-SC’
(Single (’hip) processor operating a
VMll)us and is called lhc Mars l’athfinctcl
l;li~ht C’omputcr (MI:C), sm figure 3,
1,andm Module. ‘1’hc Ml~C’ also operates a
llAl{J’ (1< S-232) interface driving a 96(K)
baud lnoclcm for cc)llllllLlllic:tticJlls with the
Rover. ‘1’he MI:C’ executes all spacecraft
s{)ftwarc and uses the VxWmks operaiing
Systm.

Non-volatile mmnory is provided cm the
1 ‘ROM (1 ‘ro~rammablc Read Only Memory)
asscmb] y. ‘1 ‘he PROM assembly uscs
lileclrical]y  IIrasab]e l’l{OM (li}H’ROh4) to

SiOIX~ flight soflwarc,  seq Llencc’s, and
mission critical data, all of which can bc
~lpdatcd  in flight.

‘1’lle l’ower and ]’yro Switching lntcrfacc
(1’1’S11;)  board pmvictcs the relay drive
signals 10 the powel distribution relays,
shunt rcgLllator,  and pym switching unit of
the 1 ‘1 ‘s Sllbsystcm

‘1 ‘lw Al M, 1,ander,  and C~rLlisc Siage I’owcr
Ccmvmlcr lJnits  (A/1 ,/Cl’CTJ) draw power
from the fli#lt system’s power bus and
provicfc conctiticmcd power for all AIM
assemblies. CI’he l’~~1 designs rely cm
commcvciall y available I K’-1 )C converters.

‘1 ‘Jlc’ 1<s1 )1 , (]kYt-%]OJIK)l)  1 )ownlink)
assembly is the telemetry port from the
AIM to the ‘I’clecc)l~?ll~ Lll~icatioj~s subsystem.
11 appnds a synchroni~,aticm pattern to the
front of each lclc]ndry  data frame and a
l<eed-%lomon encoding patlcrn to the end
of each data frame.

‘1’hc “uplink” board is the 1 lardwaw
Command l)ccodrr(11(’1 )) board. The}  ICI)
is the uplink data port lwtwecn the AIM
and tlw’1 ‘Clecc)lllllltlllicatiolls subsystcm
(Tlil ,). “1’hc } ICl> handles error-ctdcction-

‘Iwo Remote l;nfiincc’ring Units (I{ I;LJs)
collect tcm}wrat  Llrc’ data, analoi; sip,nals,
di~ital data from various locations on the
s}mcccraft, and pro\?idcs Syllclll’c)llixatioll
between the bLIS and many of the
pcriphcra]s on the spacecraft. One l{li~l is
moLlntd  in t]lc ]ancfcr mod LI]c. ‘] ’he I{}lLJs
digiti~c tcmpcratLlrc’ and analog data and
pro\Zidc this information cm rcqLlc’st i’ia the
modified 1553 bus. Commands from the
h4 I K’ to “011  t -board” peripherals arc routecl
via the R1{US; all digital input and output
si~nals ]>ass tllrou~:h an interface Llnit
[1 ,ander lnterfacc  (1 ,1}’) or CrLlisc Sta~e
lntcrface  (C’S]};)].

The 1 J}; collects data from and sends
commands to the Radar Altimeter
subsystem, Atmospheric StrLlct Llre
]llstrLllllc)jlt/Mei[’ol’o]ogy (AS1/M},’l’)
experiment, } li~h-[;  ain Antenna 1 )rivc
lllcctronics  (1 IC;AI )1;), and Accelrromdcr
(AC’C’111 ) assemblies.

“1 he (’S1 }; collects data from and scncis
commands to the Star Scanner lilcctrculics,
1 )igital Sun %nsor ltlcctrcmics (l EFJ), and
l’ropulsicm 1 hive  l{lcctronics  (1’1 )11).

“I:astcr, Better, Cheaper”
Tcchno]ogies

Several techno]c)gics used in the desi~n of
the AIM arc new to intc’rplanctary
sl>accfli~]lt--  tllcir usc is a direct result of
the “faster, better, cheaper” tlwLwt at
NASA.

IX-IX Converters

~ollllllcrcially  -al~ailal]le lJC-lJC
convrr[ers were procLlred from Modular
1 lwiccs, 1 ncorporatcd  (Ml )1). 3’lw
converters are inexpensive and space
qualifid.  in addition, because the
convcr[crs  arc compliant with Mll ,-S’1’1 )-
461, “l{cqllilc’lllellts for Ckmtrol of
PHcctrmnagnctic  lntcrfercnce  }hnissicms and
Susceptibility” the l’athfincicr  flight
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AIM is drsigncd witl~ 1 i’ convcrtc’rs
CcJll(i~~lrcCi  so 6 por~ions of the sll[}syStC’111 C,Ill
lx’ turned-off and on as rcc]uird.  ‘1’lNJ AIA4
}wwc’r l(mcl  can bc matched to the powm
avail al)lc fmln the bat(cry and solar array.
(he or two lar~c mpcnsivc  Convcrlers
woLlld have made this impossib]c. ~’ontro]
over }mwer Lltilization translates directly
into ]norc scimcc  data rdurncd,  and
distribll[ccl power systems for low-cost
spacecraft rrquirc  converters such as the
OIWS dcsigncct into the Alh4 SLIbSySk)m.

h4 I )1 cmvcrtem  are hybrids, and
cOnseqLlmtly, arc more reliable than
Convcmrs  bLlilt from discrde  Comp(mcl its.

ltach convcrtcr  contains an liMl filter to
meet h4 I I ,-S1’1 >-461. “1’lILI input range is from
16 to 5(I VI X’ (28 VI X nomina]) while
rc~~ulating outpLlt to bcticr  than ~ 2% into a
full load. ltfficiency is typica]ly better
than 70% into a full load. Output ripple is
50 mV peak-twpeak on Al M’s 5V
converter’s. These converters also operate
with input transients of 80 VI )~ per N411,-
S“I’I )-704.

All converters arc can withstand an
indefinite short-c ircLlit and arc protected
aF,aillst ~vervoltagc. A c~nv~rter latches
the oLltpLlt when an cwercLlrrent  condition is
scnsd. A cmvmler  will resume normal
operation if the short clears.

in this mode, a converter oscillates between
sllu t down and oprat ing until the shor[
opens. Oscillaticm is at 1O(I } lz bdwmn  O
amps out and 1 30[70 of  rating. C) Lltput in this
mode is 40% of the maximum rating.

overvoltage is sensed m the primary side
of a converter so a converter malf L~nction
and an externally supplied overvoltage
condition can bc detected. If a malf Llnction
is Ctctcctecl, an ovmvoltagc shutdown is
performed. If an overvoltage condition is
externally suppliccf, the convcrtcr  shLIls
off, and if the cwcrvolta~c condition clears,
tlw convcr~cr will start u}>.

l;acll (-t)llvcrtcl is a self-colltaind,
hcrjnctically  scald, thick film 1)( ’-1)(’
convcJ’tc’J’. All colnponcnts  (filter capacitors
illclllded) and }mwcr transformers arc
con{ainwt within a single pacb~c
typically mcasurin~ 2.1” x 1.3” x 0.5” and
weighing 50125 ~rams.

11011;  standard 1034-1987 specifics the
VMl~bus. AIM uses VMH as the primary
computm bus. Selecting the standard has
givcjl ]’athfinctcv  many bcmfits:

-1 )cvclopmcnt  costs arc lower
- l’ark arc easy to procLlrc,
-1 ,ow-power parts can be usccl,
- Tfw standard is well known,
- Hnginccrs know the staT~dard--learj~il~g

curvrs  are vir(Llally non-existent,
- No time is S]wnt designing a bus from

scratch,
- VM1 l)us sin~lc-boarcl ccm~pLlters  arc

col~~]]~crcia lly-a~’ailallle,
- llus analymrs  are commercially -

avail  ab]e,
- chassis arc commercially available,
- Om-third  of the t~ack plane is

undefined by tllc’ standard
accommodate ing features rcq Llirccl  in the
Alh4 design.

Using the VMl;,tlus standard has allowd
the Al M dcwclopmmt to be broken into
several parallel Clcvcloplncnt  and test
efforts. Since specia]i ~mt, hard to get
cclLlipmmt is not Lwcd, electronics and
sOftWal’C dCSigJICrS Call get deVC]O]>lJIC1~t  ald
test equipnlcmt incxpcmively.  Hach
dcsifycr  can then create Llnmcumbcrcct by
not having to wait to get into a sin#c
ctcvclopmcnt c,t~~’ilc)lllllcllt. ‘1’his allows
each designer to prove his design will work
with all other VMlt ctcsigns--lhcrc  is no
long serial bLlild process for bringing Llp the

AIM elcctrcmics and software.



lii(’1cl-l’ro~tal~ ~l~~al>lc,-(;ate  Arrays (} I’C;As)
were chosen to implement a majority of
AIM’s logic. See figLlrc 3 for an assemlJly -
by-assembly accounting of the numlwr of
I; J’C;AS usd. AIM uses the ccmnlercially  -
available AI’rl’t; l, 1280A. }lach 1280A
provictcs 8000”  gates.

“] hc 1280A operates al spcmls reqLli rd for
ihc Mars ]’athfincter l;lighi (’omputer.  ‘1’hc
lligllt lot operates at tl~c processor’s 20
Ml IZ high-mcl with margin.

The AC”J’}{I, 1280A dramatically reduces
thL? ]XII’[S  COLllltS ill h’ A]M dCSigll and

cases the workloacl on the designers. 1,ogic
in the 12N3As is a monolithic dcsi~n that
can easily bc simulated. Repeated
simulations on the gate array designs have
produced virt Llal 1 y error-free designs;
designs with errors can be rapidly fixed and
boards can be updated by replacing a single
part.

Simulation results are good cnoL]gh to lmilci
cn~incering mode] assemblies from c’Al )
files. l!lcctronics  designers iypical]y
require three levels of ctevclopmmt  al ]1’1,:
breactlmard, engineering model, and flight
units. The breadboard has been climinatd.
Wim-wrappd assemblies are also not
nmd[’ct.

‘1 ‘l~e AC”’J ’10, 1280A has not been radiation
hardened; however, radiati~l~ tests
revealed tlw following results:

1 ,atchup
(s};1 ,)

All nulnl)crs qtlo[rd arc, worst case. 1 lc~avy
ions were us~~d  for tlw radiation tcsis;
l’a(hfinctcr is flyinu in a solar minim Llnl and
{>xpc’cls to scc only a ~;alaclic-~”osn~ic l{ay
(<K’]{) background. l’light soflwarc  and
fault protection has lwctn designed to
rccovcr  frcun the Slills prdictd for the
1~1’C;As.  in addition, any state machine in
an l~l’C; A is shactowccf by a rcctunctant state
machine. Any SlilJ  to a state machine will
induce a board-lcvc] reset. CI’his pmvcnts  a
state machine from enlc’ring an uncxpec~cci
state and rclnaininc  there.

AIN4 uses }ilccttically-llrasable  I’RC)MS
(}1111’ROMs)  as a 1’(’ USC’S a hard disk.
l’rograms and data are stored in thcm so the
spacecraft can boot LIpIl reset, and critical
science and engineering data can bc storect in
tl~cm. l’l<OM boards can be added to the
AIM in two Mhytc increments Llp  to six

M b y t e s - - t h e  baseline (at the t ime  th is

paper was cmnpletd) is to fly two Mbytes.
‘J’JIc board is designed to sL1pport a VM}ltlus
dcsi~n that can carry 8 Mbytes.

“1’he Mars ]’athfincter  l;ligl~t (’omputcr
(Ml K’) is ctcsigncd to begin executing from
PROM following a reset. PROM boot code
loads the M}~CI 1 )I<AM . When loading is
complde,  control passes to flight Software)
in RAM,

l{ach PROM board is bLlilt up from 80 S] ;I+Q
1 i}ll’I{OM mmnories. 1 iach memory device is
256K in a 32Kx8 configurate ion. 3 ‘Iw parls do
not have internal error-ctetecticm and
correction (I\l JAC). An l~l)C;A  is pmvictd
Wit}l cacll ] ‘l{OM board which appends a 7-
bit code to every 32 bits written to the
l’I{OM board. Singlc~-bit errors are corrected
ctLlring a read cycle; cloLlt~lc-bit  errors are not
corrected, just ctclcctcct. }tithcr error
prcducm  an interrupt, l~light software can
qLlcry a register cm the I’RC)M board to find
the address of a single or ctoublc-bit error.
l’hc ltl )A~ process can also be ctisablcd by
flifjlt software as rcqLlirecl.
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‘1’IIc S}:lQ parts write and react data at a
sinfjc \roltage. ‘1’his eliminates any md for
lnulti~~le power supplies common for mm{
other l;lil’l<OMs.

ltacl] l’ROM board has write protcclicm
which is control] ccl by setting thC
ap})ropriatc bits in each board’s control
rc~istcr.

A l’l<OM board can be read at a nominal
VMI; hmsfcr rate--l O Mt>ytcs/scc for AIIL4,
and a board has a write cycle of 10 ms. l~otll
cycles arc 32-bits wiclc (the 1 ‘ROM board is
all A32 VMI; slave). An intcrr Llpl is
generated at the cncl of each write cycle.
lilight soflwarc  uses the interrupt as a
“wake-up” call; flight software can cxccutc
other tasks in the interim.

Mccl~anically, each l’l{C)M board is
confi~urccl as a nmtlwr-ciaughtcr bead
pair. l{ac% board is popula[ccl with 40
memories and data from the dau~htcr
board is bussed to and from the mother
board via an internal bus operated by an
I; I’C;A.

]<acfiaticm testing has showJl the H}il’l<OMs
to lW ]atchup immune. lhc 1~1{1’l{OMs  do Jlot
exhibit SltU sensitivity when they arc
inactive. ‘J’hc SIi~J rates during cmltinLloLls
reads is -0.15 upsets/par[/year and
contin~lous writes rcsLllt in 475
upsets/parl/year (-1 00 Sl;LJs/board/day  if
writes were continuously made). III fli@lt,
SillCC’  h AIM SLlbS)7StClll  StOK’S  flight
software and critical data in, flight
sof[warc has been clcsignccl to ensure no
data Sets corruptcct during a write or a react.

1 iach l’ROM board draws 2 watts and has a
mass of 1.0 kg.

3’JIc l’l{OM was dcsignccl at J1’1,.

VxWorks

\~xWorks  has  bmn por[cd to the A4ars
l’all]finctcr l~li}:ht C’omputcr (h41K’) by
Wimtl{ivcr Systems Llncicr contract fmn
j]’],.  It provides dcwclopcrs with a wcll-
cstahlishcd dcvclopmcnt  cwvironmcnt,
h40st spacecraft cmn]>Lltcrs co]nc with small
or undcvclopccf opcratinr, systems and
tdscts. l’rcvioLls programs have had to
clcvclop operating systems from the groLlncl
up or rely on alpha-tcstd versions
ty})ica]]y rcqllirillg  several modifications
and rcqualificatims  for flight.

VxWorks cJocs not require rcpeatecl
rcqualifica[icm. Only the qualification of
h41K”  specific portions of VxWorks is
rcq Llirccl. “J’he soflwarc  works as portal,
providing an MII’~ clcvclopmcmt
environment with all of the tools,
faci lit its, ad scrviccs commoJl to
workstation clcvclopmcmt c’l~\~i~’ol~l~~cl~ts.

1 ‘Ilc VxWorks cfevelopmcnt cnvircmmmt
incluclcs the VxWcn-ks kcrnal (including a
multitude of runtimc facilities) as well as a
set of CtCWC]C)])J)lCllt  tools. The short list
(only those usccl either in flight or during
dcwe]opmmt  for Mars ]’athfindcr)  cd
VxWorks features includes :

- real-timr,  multi-tasking kcrna] with
prccmptivc  schcdLllin~

- standardized 1/0 systcm usinc
“ L I N ] X - l i k e ”  dcvicc m e c h a n i s m s

- semaphores, message qucLlcs,  signals,
watchdog facility

- file systcm support
- clrivcrs for network clcvices, pips,

ad local (l{ AM) based file systems
- Lltility libraries for linked lists, ring

bLlffcrs, memory partitions, and
floating point functions

- perfcmnancc cvaluaticm tools
(WinctVicw, Stethoscope)

- source 1 cvcl d cbu ~gcr

TIIC real-time kernal provictcs
nlLl]titasking with prccmptivc  priority
scheduling, intertask synchronization and
cc)jlllll~lllicatiojl,  intcrru}>t hancllin~ sul]]mrl,



Watchky  timers, FJl)d IIlcnlol’y Inal)agmcn(.

‘] ’he ]nllltiiasking  lwmal uses intcrlLIp[-
clrivm,  priority -lmsd task sclldulins, and
has fast Lxmtcxl switchin~ and low
illt{’I’r Ll}Jt ]atC1lCy. Any SUbJ’OLltillC can bC
spawnccl as a sc]>aratc task, with its own
context and stack. l;ach task call be
sLIspcnded, resumed, cleldd, dc]aycd, and
n~ovd  in priority. VxWorks supp]ies
messa$e queues, pipes, and si~~,nals.

The 1/() system includes drvicc drivers for
smial colnmunicaticm ]incs, disks, l{Ah4
disks, pipes, and cteviccs on a network
VxWorks includes a buffed 1/() package
that includes  ~JNIX-compatible  routines.
1 )rivers to implement common device
proioco]s  and file systems arc includccl.

CI’he function of the Mars l’athfinctcr
sof~ware requires thal many of the
VxWorks  facilities used in clevelopnent
alsc) be included in the flight configuration.
This inclLlclcs the kerns] facilities for
scnlaphores and message queues,
watchclo:,s,  the 1/0 facilities including
pips and the MS1 )(E file systcm.

1 ‘ipes form the basis for intcrtask
cc~l~~ll~~lllicatiol~. Each task communicates by
sending “messafp” to other tasks within
the software. lntmrLlpt handlers do the
salnc. Scmaphmm  are LISd to protect (the

few) shad resources. ‘1 he watchctoc
service is the basis for a cLwtcml timer
facility that smdsmessagcs to tasks
synchronoL]s with the Ilarlh time.

“1 ‘hc Al M sLlbsystcm uses 1{111’l{OM  to store
all software, configuration information,
critical recovery and safety data, and some
science data, MCM of this information is
stc)rcd as files. ‘1’lw MS] )(E file system
driver is usd along wi[h a cLlstom designed
ltl{l’l<OM driver.

Iltility  libraries arc used to lower
development lime and memory utili~ation.
‘J”l]e intcrrLlpt handling sLlpport library is
used by the Al M subsystem for hardware
inlmrupts  ad software traps so assmnbly-
lcvel routines do not have to be written.
Watchdos  timers arc Llsect by callers to
schd ule cxecLlt ion of tlwi r rout ines a

s}wcificc]  numl)er  of ticks in tl~c fLltLlrc,. ‘]’hc
VxWorks lncmory allocation library
supplies mclnory manaficmc]lt t(oo]s for
dynalnica]ly allocating, frecin[;,  and
rcallocatins  blocks of memory from a
mrmory pod; blocks of arl>itrary si~e can be
set. VxWorks also provides the entire set of
libraries sprcificd  in ANSI X3.159-1989.

%ftware  ]wrfolmance can be evaluated in
scvera] ways. ArI cxecLltion timer can km
Ltsccl to time any sLlbroLltinc  or group of
sLll>roLltincs.  c’1’lJ utili~,ation can be repor~cd
including time spent at the interrupt Ie\’el
and idle time.

“1 ‘l~c usc of the commercial version of
VxWorks also allowed the use of more
advanced tools. ‘J his include winclvi~~~~
for performance and task interaction
analysis and Stethoscope for performance
analysis. in addition, the VxWorks source
ICVC1 dcbLlggcr  vxgclb was used cxtcnsive]y.

Mars l’athfinclcr  l;light Computer
(MI’C)

The MI;( was designed and bLlilt for ]1’1, by
1 oral FSC’, ‘1’lw MIi~ uses two uniqLw
tcchnologics:  ) )I<AMs in hermetically  -
scalecf packages and a l< Al)-6000S~  C’1’U.

“ih’ N4 I ‘~’ has mmLIgh memory and ~’]’~J

pcrforlnance to free Al M programmers from
havinc to manage memory and ~1’lJ
thruput--a ]argc ]abor and moJlcy sink OJI
projects using limited memory and slow
processors,

l)ynanlic  RAMs and llermetically-sealecl
Memory C’ards

‘1’hc Ml:~ carries 128 Mbytes of I )ynamic
RAMs (I )l<AMs) for the cxecLlticm c>f flight
software where static RAMs (SRAMS)
have been used in the past. ‘1’lw I)l<AMs
are mounted on the Mars ]’athfinder  Ii]ight
~’om] ,Lltc’r (Ml ;~’), scv? fi~urc’ ~. ]’rograms ad
data are retrieved from }ilectrically  -
crasable 1’l{OMs (Ill U’l<OMs)  at the time
the con]pLl(cr  is tmoted. Once loaded, all
]>J’O~J’aIIW CXCCUtC C)Llt CJf tk’ I )I<AMS.



‘1’fw 1 )l<Ah4s are ] 6h411  1 ,Lllla-[’ lllCIlloJ’i[>S

fm]]~ l}JM and o]wratc ai 3.3\7. ‘1’hc
nl(m)orics have a 4h41) x 4 con figLlrCl(ion.

1 tach 1 IRAN4 ]~rovicfes l;rror-1 )C(CCI ion and
~’orrt,ctioll (1~,1 )A(’) ca]mb]e of rcm~ovinc
sin#pl>it  errors and reporting clollblc-l~it
crmrs  dllrin~ a rcmd. l’athfincter uses the
1[1 )AC’ to }> JW(CCI against Sin@c-}!vcml
UpsL,ts (SliUs). lixtensive testins  of tlw
1,(]wJ-C’S  at IJrookhavcm has shown the SI;lJ
rate to be 5 correctable SlilJs  per part per
day (WOJ’St CaSc)  for t]le ]’at]~fil~d~r
elll~irc)lllllell t--l’atllfillder  is lamching  in a
solar nlinimum and expeck 10 only we a
(;{ ’1{ lmckgrollncl. Ill JAC will remove all
S1tlJs.

Radiation testing has also shown:

-1 ,una-(’s  do not latchup
- 1,~llla-C’s will not have weak cells

inctllced by the CT]< back~m}l~d
- ] ,~lna-C’s will not have siLlck cells

indlicecl by the C;(’1{  backgrmmcf

ltach part is ccmstmctcd with rcd~lndancy
latches that are meet cf~lrit~g  ]~ackaging to
mnovc “weak” worcllincs and bil-lines.
1 JLlring prodllction scrmnins,  if a ce]l m
worclline is shown to not retain data for
more’ than 256 lnilliscccmds (ms)(the MI;(
Ilscs a refresh time of 32 ms; the refresh
time cxccmis the data retention time by a
factor of 8) then a rccl~lndant ccl] or
wordline is swapped in by lmrnin~ a fme in
the dir. ‘1’hc upsc[ rate of a rcd~lndancy
latch rises after its fLMCI has becm blown by
approximately a factor of 3(J.

‘J’o lninimize the impact of harming tlw
Inissim,  (1]cI 1,una-c  lJRAMs have [mm
scrmned for a minimmn of latcllcs with
b] C)Wll fLIS(’S.  ‘1’hC’ fli@t ]0( has h’cll
sclcc{ed so that no more than 6 worcflinr
swaps occLlr during tlw mission in the worst
case,

If the C; Cl< ladiaticm camcs  a rcd~lndancy
latch to chance  state in-flight, a wordlino
with ~ood }>rogram and data is swapped o~~t
f[)J’ a word]inr that ]Ias ~lever ~)e~J,  wJit[(’J)

10.  “1’hc  1 )I{AM ltl )AC test will fail OJI the

JIC’X[  J (’ad fJ’oJn that ~+’ordline. C’orrllpt(~d
daia is passed to the C’I’L1 and rcv+Lll{s in ar~
intcrlll]>t.  l;lifiht s(}ftwarc, is dcsi~ll(,d tc)
rclm)t and write into the si(rappccl
worcllinc. IIxcclltion of flight sof~warc
proceccls normally following tile reboot.

‘1’lw ] )]<AMs are arranged into 18 stacks of
f(~Llr. \~iew~cd from the side, the stacks are
composed of foL1r planes. liach p]am  in the
stacks ca)l storc~ 32 Mbytes cmtigLloLlsly.  ‘1’he
stacks arc hermetically sealed into an
allllllilllllll-silicoll  carbide metal matrix
case. The case is called the } Hermetically -
scaled Memory Card (1 IMC). 1 Ih4C’s arc
btli]t by 1 ,oral ledcra] Systems.

]Ic)forc flight, 1 IMCS are qLla]ificd to the
followins Ieqlliremcnts:

“1’llcrjllal -55 to + 1 (JO dcg C for 2000
cycle cycles or 5(J% of the test

sets fail
Ili Sll 125 cteg C for 1000 hcmrs

‘1 ‘cmperat  Llre
Storage

ALltoc]ave

vaclllJm—
RaldolI

Vibc
_ETechanical
Ymck (}>yl”O)

-—
2 atmospheres at 120 deg C
for .500 hOLlrs ——
85 dc~ (’ and  857. relative
humiiity at 3.6V bias for
1000 hoLl  rs

25 cycles from -35 to -i 70
dcy<”
20 to 2000117, (56.0  g rms in
normal, 15.7 g rms in plane)
60g/ 1001 IT, to 300g/2001 ly,
to 3ooo,g/2oool ] Y, to
2ooo@Oool Iz

RA1)-6000SC C’1’u

3 ‘he l<AI )-6(JOOSC’ processor is a high-
prrformance  32-bit, radiation-hardened
1 IIM 1{ S/6000 processor manlJfac[Llred  OJ1 a
l,oral }%(’ ~)Ml, line. “J’he pmcesscw is a
RISC’ machine that is the basis for the
] ‘owcr] ‘(”1 ‘“ architect Llre. ‘1 ‘he RAI )-6000SC”
rLlns commercially available software and
1< S/6000 workstations arc used as
development workstations for flight
soft ware.

8



“J’tw I<AI )-6000SC’ tlses a fixed point,
floa~inc f>oint, branch proccssm, memory
l~]anagmnmt, and I/C) scqllcncct  tlnits--tl~is
C’I’LJ allows for ccmc(lrrcnt  operation of
fixccl point instrLlctions, floa[ing-point
inslrllc[ions,  and branch instmctions. The
(’1’11 is variable s}wccf with rates of 1.25,
2..5,5, 10, and 20 h4} IZ

‘J’hc RA1 )-6000SC  can address 4 ~;igabytcs
of virt llal memory and comes with 128
Mbytc,s of real memory. The AIM sLIbsystcm
uscs only 16 Mbytes of the actdrcss space for
t]lc VMH bllS.

‘1 ‘he RA1 MX300SC  has a 72-bit memory
interface to the } IMCS--64  bits of data plLIs
8 bits of sillglc-error-correctioll/dolllJle-
CrrCM’  detection code. (1’his 1[1 )AC code is ill
addition to the code in the 1 )I{AMs
dcscril>cd above.)

l!or testins  the l< A1)-6000SC comes with a
C’olllllloll-C)ll-lloard-I’rocessor inicr[acc, or
(’C)]’ interface. ‘J’llc U)]) interface sLlpporis
locic  and array self-tmt, array
initialization, and debLlgging  via a tool
called RISCWatch that can be Lwccl 10
download soflware and read registers in
the C1’u.

“1’hc RA1 MOOOSC has been radiation tested
to show:

.
1,112 >80 MI W/mg/cm2

(SJiLJ) I
1 ,atchU]) I nom’ - - - 1

The MPC’ draws between 2.5 and 10.0 watts
dcpcmciin$ upon the l)rocesscsr speccl. “1 ‘he
MI:C mass is 0.9 kg.

C.onclusioll

“liaster, llettcr,  and Clwapm” technologies
for interplanetary spacef]ight arc readily
aVai]ab]C.  ‘]’hc’ A]M SLlbSyStC’111  iS USillg
many in its design that arc rc’liable,
flyable, and inmpensivc,  ‘1’he technologies
arc enal)ling new and exciting missions for
NASA’s fLltLlrc.

TfirI lvork Cicscl ild ill this pa~~cr Was Cawid  [,11( at tllc
Jet l’~o}mlsiml  1 .alwratory,  California lnslituk of
‘1’cclmdo:y,  uncicr  a contract  wiIh  tlw National
AcrmaLttics and Space Aciministraticrn

I<cfcrmces lwwin to any Spcci[]c  commercial }~IOclLIc[,
process, or scrvicc  by track name  trademark,
manufaclulcr, m otherwise, ciocs not  conslitu(e  or
im])]y its cndcrrsclncnt  by tlw Llnild S[alcs
Govcmmcmt,  tlw Natimial  Aeronautics and S~,acc
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